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ABSTRACT 
Accurate identification of chemical phases associated with the electrode and solid-electrolyte 
interphase (SEI) is critical for understanding and controlling interfacial degradation mechanisms 
in lithium-containing battery systems. To study these critical battery materials and interfaces X-
ray photoelectron spectroscopy (XPS) is a widely used technique that provides quantitative 
chemical insights. However, due to the fact that a majority of chemical phases relevant to battery 
interfaces are poor electronic conductors, phase identification that relies primarily on absolute XPS 
core level binding-energies (BEs) can be problematic. Charging during XPS measurements leads 
to BE shifts that can be difficult to correct. These difficulties are often exacerbated by the 
coexistence of multiple Li-containing phases in the SEI with overlapping XPS core levels. To 
facilitate accurate phase identification of battery-relevant phases (and electronically insulating 
phases in general), we propose a straightforward approach for removing charging effects from 
XPS data sets. We apply this approach to XPS data sets acquired from six battery-relevant 
inorganic phases including lithium metal (Li0), lithium oxide (Li2O), lithium peroxide (Li2O2), 
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lithium hydroxide (LiOH), lithium carbonate (Li2CO3) and lithium nitride (Li3N).  Specifically, we 
demonstrate that BE separations between core levels present in a particular phase (e.g. BE 
separation between the O 1s and Li 1s core levels in Li2O) provides an additional constraint that 
can significantly improve reliability of phase identification. For phases like Li2O2 and LiOH where 
the Li-to-O ratios and BE separations are nearly identical, x-ray excited valence-band spectra can 
provide additional clues that facilitate accurate phase identification.  We show that in-situ growth 
of Li2O on Li0 provides a means for determining absolute core level positions, where are all 
charging effects are removed.  Finally, as an exemplary case we apply the charge-correction 
methodology to XPS data acquired from a symmetric cell based on a Li2S-P2S5 solid electrolyte. 
This analysis demonstrates that accurately accounting for XPS BE shifts as a function of current-
bias conditions can provide a direct probe of ionic conductivities associated with battery materials. 
INTRODUCTION 
Safe, reliable and scalable approaches to energy storage are crucial for enabling widespread 
adoption of renewable energy technologies. Unfortunately, many Li-based materials used in both 
conventional and next generation Li-ion battery (LIB) devices are highly reactive, which creates 
many challenges. For example, interfacial decomposition reactions occur spontaneously when an 
electrode (e.g., Li metal) is brought into contact with an electrolyte,  creating an initial solid-
electrolyte interphase (SEI) layer.1 The SEI can continue to evolve during cycling as uncontrolled 
side reactions occur, and in some cases SEI phases themselves might be redox-active.2–4  The SEI 
can dramatically affect both battery performance and cycling stability.5 Therefore, understanding 
the processes that lead to SEI formation and evolution is a necessary step toward engineering 
stable, long lasting, and safe LIBs.6 
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To address these challenges, much effort has focused on understanding the morphological and 
chemical evolution of the SEI. One common method for probing the chemical composition of the 
SEI in liquid-electrolyte based systems is gas chromatography.7–9 In these studies, GC 
measurements detect gases that evolve during the formation and cycling of a battery, providing 
clues about interfacial reactions. Complementary approaches such as optical microscopy, scanning 
electron microscopy and X-ray diffraction provide direct information about the morphology and 
crystallinity of SEI phases present in cycled electrode materials, but provide no direct information 
on chemical bonding environments.10–14 In an attempt to measure chemical changes occurring at 
electrode/electrolyte interface, other techniques like vibrational spectroscopy, neutron diffraction, 
and nuclear magnetic resonance (NMR) have recently been employed with some success.  
XPS analysis is often used to corroborate observations of techniques including Raman and 
NMR, and has been frequently used in recent decades to identify SEI phases. A challenge is that 
correct identification of chemical bonding environments using XPS relies on accurately 
determining small shifts in core-level binding energies (BEs). A related issue is the complexity 
introduced into XPS chemical-state analysis by the coexistence of multiple similar or related 
phases. For example, the Li 1s core levels associated with numerous distinct Li-containing 
chemical compounds (including several listed in Table I) common to battery materials lie within 
3 eV of each other. Moreover, many SEI phases (including Li2O, Li2O2, LiOH and Li2CO3) contain 
both Li and O, and in some of these phases the Li-to-O ratio is identical. Further complicating XPS 
analyses is the fact that sample charging effects on insulating materials can shift core levels by 
several eV, and BE calibration procedures can vary from lab to lab.  
Issues related to XPS BE calibrations for battery-related materials and other alkali metal-based 
phases have been the focus of several recent studies, revealing that reliable identification of Li-
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battery SEI phases with XPS analysis is often no trivial task.15–19 An early in situ study of Na 
intercalation into TiS2 demonstrated that XPS BE shifts can be used to separate the relative ionic 
and electronic contributions to cell voltage.15 A more recent photoelectron spectroscopy (PES) 
study of SEIs on graphite and Ni0.5TiOPO4 cathodes by Maibach et al., demonstrated peaks shifts 
for phases associated with the SEI were correlated with the degree of lithiation, and hypothesized 
the existence of an electric dipole at the SEI/cathode interface16. A follow-on study probed these 
interfacial dipole effects in more detail, and also demonstrated BE shifts for a variety of cathode 
active materials that were correlated with the electrode open-circuit voltage, and with degree of 
lithiation.17 Additionally, Oswald documented systematic XPS peak shifts in several materials, 
and correlated these shifts with the presence of metallic Li and Na, hypothesizing that electrostatic 
interactions with alkali metals might account for these variations18. A subsequent study used XPS 
depth profiling to probe lithiation in graphite anodes also revealed BE shifts that depended on the 
degree of lithiation, and recommended that implanted Ar from sputter-cleaning or -profiling can 
be used as a reference for calibrating the BE scale.19  
Considering the difficulty and importance of accurate BE calibration for battery materials a 
literature survey was performed.  Table I summarizes some reported XPS BE’s for the phases 
discussed in this manuscript. 
 
In this work, we present evidence that the wide variations in assigned XPS BEs (specifically 
with regard to the battery-materials literature) occur largely as a result of surface charging inherent 
to electronically insulating materials during photoemission measurements. This occurs because  
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Li Metal Li2CO3 
 
Li 1s BE (eV) Reference O 1s BE (eV) C 1s BE (eV) Li 1s BE (eV) Reference 
48.7 20 531.5 289.8 55.2 21 
52.1 22 531.5 289.5 55.1 23 
52.3 24 531.8 290 55.3 25 
52.3 26 531.8 290.1 55.5 27 
52.3 28 531.8 290.1 55.4 29 
53.0 30 532 290 55.4 13 
53.9 31 532 289.8 55.5 32 
54.2 33  
55.5 34 
Li2O LiOH 
O 1s BE (eV) Reference Reference 
 
O 1s BE (eV) Li 1s BE (eV) Reference 
528.3 54.0 24 531.1 54.5 13 
528.4 54.1 35 531.3 54.9 21 
528.5 53.7 26 531.5 55.1 36 
528.6 53.6 13 531.7 55.3 37 
528.8 53.8 32 531.8 54.9 38 
529.3 54.9 31 532 55.3 24 
530.5 55.5 33 532.1 55.3 26 
530.6 55.6 36   
  
  
531.3 55.6 21 
531.9 57.0 34 
Li2O2 Li3N 
O 1s BE (eV) Li 1s BE (eV) Reference 
 
N 1s BE (eV) Li 1s BE (eV) Reference 
530.9 54.4 39 395.2 55 40 
531.1 54.5 13 395.5 54.8 41 
531.2 55.6 32 395.6 54.7 42 
531.5 54.6 43 396 55.1 44 
531.7 55.0 45 
 532.1 55.3 26 
533.0 56.0 46 
533.1 56.4 36 
    
photoelectrons ejected from an electronically insulating sample leave behind a net positive charge, 
leading to a rigid shift of the entire XPS spectrum to higher BEs. Differential charging effects, 
which cause different regions or phases on insulating samples to charge to varying degrees, further 
complicate these issues. A common practice for dealing with sample charging during XPS 
measurements is to use an electron flood gun to neutralize surface charge. This approach is 
effective to a degree, but generally there is no unambiguous way to precisely compensate for 
surface charge with this method, and consequently XPS core levels on insulating samples might 
be shifted be several eV (positive or negative) relative to their true positions. This has led to the 
common practice of calibrating XPS BEs by shifting the lowest-BE carbon peak to 284.8 eV (or a 
Table I: Reported XPS binding energies in literature  
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similar value, typically 284.6–285 eV), representing C-C bonding associated with adventitious 
carbon contamination. This approach can create inaccuracies in the reported BE values of the 
relevant core levels if: i) the amount of C-C bonding is minimal or hard to detect (a likely problem 
for the reactive nature of battery materials); ii) another lower BE functionality is present in the C 
1s spectrum (e.g., a carbide); or iii) differential charging effects exists across the surface (as might 
be observed in cycled battery samples). Also, as shown in a recent study, a buried interphase 
potential difference that increases with cycling has been observed that can cause quite large 
shifts—on the order of nearly 2 eV—in the C 1s peak associated with the SEI.17 Furthermore, 
hydrocarbon species in the electrode at different stages of cycling (for example, those in a pristine 
electrode vs. those in an SEI) might not be the same, and therefore could have differing BEs. 
Therefore, for all of these reasons, BE calibrations that rely on shifting the C 1s peak to a fixed 
value, especially for battery materials, can lead to substantial sample-to-sample and lab-to-lab 
variability.  
Adding to the challenges of correctly identifying Li-battery relevant phases is the often-difficult 
task of preventing exposed Li-containing surfaces from reacting with ambient environments, 
including ultra-high vacuum (UHV) conditions. For example, when Li metal is transferred directly 
from a glovebox to an XPS chamber via an integrated load-lock system, metallic Li is generally 
not detectable. Only after extended periods of Ar+ sputter-cleaning to remove adventitious surface 
contaminants can metallic Li be observed, and thereafter, reactions with background gases 
(primarily H2O) will convert the surface to Li2O47–49. Even under UHV conditions, it is only possible 
to keep highly reactive samples clean over time spans of minutes (at a base pressure of 1x10-10 torr, 
one can expect ~0.1 monolayer of contamination to form in ~15 minutes), and rates of surface 
contamination even in the cleanest gloveboxes are significantly higher.  
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Despite these challenges, XPS is a very useful technique for battery analysis, due to its high 
surface sensitivity and the fact that it provides direct information on chemical bonding 
environments at battery interfaces. Nevertheless, the potential difficulties with accurate XPS 
chemical-state assignments can create confusion about which SEI phases are beneficial vs. 
detrimental to overall battery performance and stability. To address these issues, in this work we 
propose a method for analyzing XPS spectra acquired from samples where charging is an issue. 
Briefly, the proposed method outlined in this work for correcting XPS charging artifacts to 
facilitate accurate phase identification is as follows. First, it is necessary to determine the 
characteristic BE separations (ΔBEs) between the relevant core levels (e.g., the separation between 
the O 1s and Li 1s peaks for Li2O) for specific phases that might be present. Subsequently, when 
performing curve fitting on spectra from a sample that is suspected to contain a particular set of 
phases, the relevant core levels should be constrained by the pre-determined ΔBE values, and at 
the same time the peak intensities should also be constrained according to the correct elemental 
ratios for each phase. (As stated previously, care must be taken with respect to the possibility that 
phases are not distributed homogeneously within the XPS detection volume. Differences in 
electron inelastic mean free path values can significantly alter effective elemental sensitivity 
factors. Unless accounted for properly, these effects could substantially distort curve-fitting 
results.) By constraining ΔBE values (rather than absolute BEs), this method is insensitive to BE 
shifts associated with charging phenomena often seen on electrically insulating materials, and is 
thereby less susceptible to phase assignment errors. In this study, this method is applied to specific 
inorganic Li-battery relevant phases including Li0, Li2O, Li2O2, LiOH, Li3N, and Li2CO3, and ΔBE 
parameters are quantified for these materials. It is worth noting that this approach can be applied 
to any materials where charging during XPS measurements is an issue, not just battery materials.  
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EXPERIMENTAL 
Li2CO3, Li2O2, LiOH and Li2O were transferred through air and analyzed by a Kratos AXIS Nova 
XPS system. Base pressures were better than 2×10-9 torr. ‘Air-free’ XPS measurements, for Li2O, 
Li3N, and Li metal-based samples, were performed using a glovebox-integrated Phi 5600 XPS 
system. Direct sample transfers of Ar-packaged materials to the XPS were completed in the 
attached glovebox under <10 ppm moisture and O2 conditions. Base pressures for the 5600 system 
were below 7×10-10 torr. Powder samples were pressed into indium metal foils, which were then 
mounted on XPS sample holders. Photoelectrons were generated using monochromatic Al Kα X-
ray excitation (hv= 1486.7 eV). The spectrometer BE scale was calibrated by measuring valence-
band and core-level spectra from sputter-cleaned Au, Ag, and Cu foils (EF = 0.00 eV, Au 4f7/2 = 
83.96 eV, Ag 3d5/2 = 368.26 eV, and Cu 2p3/2 = 932.62 eV).50 Curve fitting and data processing 
were performed using Igor Pro with a custom program adapted from Schmid, et al.51 The Li metal 
Li 1s core level exhibits an asymmetric Doniach-Sunjic line shape, characteristic of metallic 
conductors.52 In this work a pseudo-Voigt function was employed to fit the asymmetric line 
shapes.51 Valence-band maximum (VBM) values, which represent the characteristic binding 
energies of the most weakly bound occupied electronic states in a material, were extracted from 
valence-band spectra in the standard way by finding the intersections between least-squares best-
fit lines representing the valence-band onsets and background counts. VBM and core-level BE 
uncertainties were derived from curve-fitting standard deviations (σ values): quoted core-level BE 
uncertainties represent ±3σ; and uncertainties for subsidiary ΔBEs values were calculated by 
propagating individual BE uncertainties. VBM uncertainties were calculated by propagating 
standard deviations associated with the individual straight-line fits associated with the valence-
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band onsets and backgrounds, respectively. Full-width at half-maximum (FWHM) values were 
constrained in curve fitting to < 2.0 eV; typical optimized values are summarized in the SI in Table 
SI1. Elemental ratios were calculated using tabulated sensitivity factors from the Handbook for X-
ray Photoelectron Spectroscopy, published by Physical Electronics. While the specific materials 
analyzed here may have slightly different sensitivity factors than the tabulated values, the ratios 
appeared close to expected values. Dosing experiments were performed by leaking high purity 
oxygen (99.9%), nitrogen (99.99%) or H2O vapor (from deionized water purified in situ by freeze-
pump-thaw cycles) into the chamber typically at 1×10-8 torr. Gas doses are measured in Langmuirs 
(L), where 1 L = 1×10-6 torr•s. 
RESULTS/DISSCUSION  
To better understand trends in XPS peak assignments recorded in the battery literature, a review 
of reported BE assignments for eight different Li-containing phases was performed. This survey 
revealed that BE assignments for a particular core level in a 
given phase typically vary over ranges of several eV. As a 
point of reference, typical XPS BE uncertainties are < ±0.2 
eV, so the observed range in BEs cannot be ascribed 
primarily to measurement uncertainties. To further elucidate 
these variations, for each compound the anion core-level 
BEs was plotted as function the Li 1s BEs, as illustrated in 
Fig. 1 for Li2O. In this example, the O 1s core level in Li2O 
has been assigned over a broad range, ~527–532 eV. 
Similarly, the Li 1s core level varies over the range ~53–
57eV. Despite the striking range of BE assignments, a clear 
Fig. 1: Plot comparing XPS BE 
assignments in literature for Li2O. 
The solid green line shows the 
average binding energy separation 
(ΔBE) between peaks assigned to 
Li2O in both the O 1s and Li 1s core 
levels.   
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linear trend is observed. Least-squares fitting to a straight line (with slope = 1) provides a good fit 
to the data.  The unity slope makes sense if the observed BE shifts result primarily from charging 
effects, in which case all core levels are expected to shift by the same amount. The y-intercept of 
the unity slope best-fit line provides the characteristic BE difference (ΔBE) between the Li 1s and 
O 1s core levels for Li2O. This analysis also reveals several outlier data points that differ in some 
cases from the global fit by more than 0.3 eV, which is larger than one would expect based on 
typical XPS BE uncertainties. The existence of such outliers point to other potential sources of 
error, beyond just charging effects. 
 While the trend in Fig. 1 is clear, it is not obvious what the correct ΔBE value should be. 
For example, the lower four outlier data points are well fit by the unity slope line with ΔBE = 474.3 
eV, substantially different than the global best fit ΔBE = 474.8 eV. Further complicating matters 
is the fact that many potential reference materials have phase impurities, especially within the 
information depth of XPS. This is the case for Li2O powder, which is known to convert to LiOH 
upon exposure to H2O vapor.47–49 In our studies, XPS analysis of Li2O powder (99% purity, Sigma-
Aldrich) revealed nearly complete conversion of Li2O to LiOH (spectra and analysis to be 
discussed in more detail later). Therefore, reliance on as-received materials, especially reactive or 
moisture-sensitive materials used in batteries, can lead to inaccurate phase assignments in XPS 
reference measurements.  
 Clearly what is needed is an absolute BE calibration for at least one Li-containing phase, 
which can be used to calibrate other phases. In the literature, Li metal (Li0) has been assigned BE 
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values over a 7-eV range. This is surprising, 
because the measured BE of a metallic sample 
should be unaffected by charging, and 
therefore one might expect that Li metal 
would show the least dispersion in assigned 
BEs. Possibly some of the variability can be 
traced to the extreme reactivity of Li metal. 
Even when stored in a glovebox, metallic Li 
reacts quickly with trace amounts of residual 
gases. This leads to surface contamination 
layers comprised of phases including Li2CO3, 
Li2O and LiOH (supporting information; Fig. 
SI1). Therefore, to achieve the cleanest 
possible Li0 surface, in this study Li foil was 
sputter cleaned with 3-keV Ar+ ions for ~3 h. 
Subsequently, XPS spectra were acquired, 
while sputter-cleaning continuously, to obtain 
a low-noise baseline XPS spectra for Li0, with 
minimal surface contamination, as shown in 
Fig. 2. Similar XPS spectra acquired without continuous sputtering revealed significantly higher 
levels of surface contamination (supporting information; Fig. SI2). As evident from the baseline 
Li0 spectra, even with continuous sputter cleaning, a slight amount of Li2O still exists on the surface 
(phase composition: 1.7%; O concentration: 0.6%). However, this slight degree of contamination 
Fig. 2: High-resolution XPS spectra of sputter 
cleaned metallic lithium. Even under continuous 
sputtering a small amount of oxide remained on 
the surface. This oxide has spectral features 
associated with Li2O (discussed later). Therefore, 
it must be fit in both the Li 1s (difficult to see) and 
the O 1s spectra. In the Li 1s panel, the Li2O peak 
is shaded green and the Li0 is shaded blue.  
-loss 
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does not interfere with analysis of the Li0 core level. The Li 1s core level in Fig. 2 is characterized 
an asymmetric line shape peaked at 54.97±0.06 eV, and there is a broad plasmon-loss feature 
between 66–60 eV (Shirley and coworkers have also demonstrated another plasmon-loss present 
around 70 eV 53). In general, this Li 1s peak position is high compared to the average literature 
assignment (53.0 eV). However, we can decisively rule out the possibility that surface 
contamination or charging affected this BE assignment is based on two factors: i.) the absence of 
significant levels of surface contamination that might affect measured chemical states; and ii.) the 
clear existence of spectral features associated with metallic Li, including the plasmon-loss feature 
(Fig. 2) and the metallic Fermi edge in the valence-band spectrum (Fig. 2).  
 It should be noted that while we are confident the Li0 BE position is accurate and non-
ambiguous due to the above-mentioned effects, a charging artifact was still observed on metallic 
Li foil samples. For the specific instrument used to acquire the data in Fig. 2, a standard 4-point 
BE calibration measurement (using the Au 4f7/2, Cu 2p3/2, and Ag 3d5/2 core levels, and the metallic 
Fermi edges, acquired from sputter-cleaned foils) was applied, such that EF = 0 eV on the BE scale. 
However, even after this calibration had been applied, it was observed that the Fermi edge on 
sputter-cleaned Li metal was offset from zero by +0.12 eV. This slight discrepancy is consistent 
with a slight buildup of positive charge on the sample. To confirm this effect was due to charging, 
the electron flood gun was used to supply excess electrons to the surface during XPS 
measurements. This shifted Li0 Fermi level to 0.01eV, well within error of the values measured for 
the calibration samples (Fig. SI4).  Therefore, even with sputter cleaned Li0 charging artifacts were 
observed. We attribute this effect to non-negligible contact resistance between the Li foil and the 
sample holder. Specifically, even though the back of the Li foil was mechanically abraded prior to 
tightly clamping it to the XPS sample holder, we hypothesize that a resistive Li2O layer forms 
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between the Li metal and the metallic sample holder.  Possibly this Li2O layer originates with the 
Li foil or it might form from reactions between metallic Li and surface oxides (mainly CrO2) on 
the 316 SS sample holder.   
To circumvent the challenges of correctly identifying and assigning BE positions for bulk 
powder reference samples (e.g. Li2O, LiOH, etc.) that can have large amounts of surface 
contamination and/or serious charging effects, we prepared sputter-cleaned Li metal surfaces and 
performed in situ gas dosing with O2, H2O, and N2. In the first set of measurements, after sputter-
cleaning for 3 h the sample was dosed with O2 at 
1×10-8 torr. XPS measurements were performed 
during gas dosing (Fig. 3) to document changes 
to surface composition, chemical states and the 
valence band. Prior to dosing, a pristine Li0 peak 
is observed in the Li 1s. After a dose of 3 L a new 
chemical state appears at higher BE; 
concurrently a peak grows in the O 1s spectrum 
centered near 531 eV. Upon continued dosing an 
isosbestic point emerges in the Li 1s spectra, 
consistent with the co-existence of two phases 
which change in relative concentration as the net 
O2 dose increases. These observations, combined 
with elemental ratios, demonstrates 
unsurprisingly that O2 exposure converts Li0 to 
Li2O. These O2-dose dependent spectra therefore 
Fig. 3: High-resolution XPS spectra for (a) Li  
1s, (b) O 1s core levels, and (c) the valence 
band during in-situ O2 dosing on sputter-
cleaned Li metal, documenting formation of 
Li2O. 
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provide an ideal reference for Li 1s and O 1s BEs associated with Li2O. As the Li2O layer grows a 
slight shift to higher BE is observed for both the O 1s peak and the Li 1s feature associated with 
Li2O. Likely this results from subtle evolution of chemical states associated with the Li0/Li2O 
interface, which remains within the XPS information depth, with a more pronounced effect on line 
shapes at early times. On the other hand, for O2 doses > 30 L, the Li 1s feature associated with Li0 
is completely attenuated, indicating that the final spectrum in the series represents pure Li2O. On 
this basis, we determine that the BE positions for pure Li2O are 56.40±0.06eV and 531.20±0.06eV 
for the Li 1s and O 1s core levels, respectively. Furthermore, analysis of Fig. 3(c) plainly shows 
dramatic changes in the valence-band spectrum as the surface converts to Li2O. Specifically, the 
metallic Fermi edge disappears, the valence-band minimum (VBM) shifts to 4.69±0.09eV, and a 
broad peak grows in between 5–9 eV.  
It is interesting to note that as the Li2O feature grows in the Li 1s spectra in Fig. 3, the overall 
peak intensity appears to actually decrease, somewhat counterintuitively, since the relative 
abundance of Li atoms in Li2O is only 2/3 that in metallic Li. A likely explanation for this result is 
related to the strong plasmon loss features that can be observed in metallic Li and other alkali 
metals, which are not observed in Li2O. In Fig. 3, one can see that there is a significant intensity in 
the first plasmon-loss feature centered at ~62.5 eV; and additional plasmon loss features can be 
observed at higher BEs (not shown in Fig. 3). Therefore, since a high proportion of Li 1s 
photoelectron intensity is lost to the creation of plasmons, apparently the effective elemental 
sensitivity factor for Li in metallic lithium is significantly lower than in Li2O and other Li-
containing phases. 
As mentioned previously, in typical battery samples numerous Li-based phases are likely to 
coexist, and many samples (especially those that have come in contact with an electrolyte) are 
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likely to charge when analyzed. Therefore, characteristic BE separations like the one demonstrated 
in Fig. 1 can facilitate accurate phase identification. For Li2O (Fig. 3), the O 1s – Li 1s separation 
is ΔBE = 474.80±0.09eV. In general, valence-band features can be helpful to further refine phase 
assignments, especially in cases where a combination of elemental ratios and core-level BEs, or 
BE separations, produces ambiguous results. In the case of Li2O, the O 1s – VBM value is ΔBE = 
526.51±0.11eV. 
Similar dosing experiments on clean metallic 
Li were performed using H2O vapor and N2. The 
goal of the H2O dosing experiments was to 
produce LiOH surface layers, but under the 
accessible experimental conditions (pH2O < 1×10-
6 torr and net dose < 1×104 L) only Li2O 
formation was observed. In the case of N2, even 
after N2 doses >50 L (at 1×10-8 torr ) no changes 
were observed (Supporting information; Fig. 
SI5). However, the use of a sputter-ion source 
to impinge dissociated, ionized N+ species (1 
keV incident energy) on the Li metal surface 
resulted in rapid incorporation of N. As shown 
in Fig. 4, after as little as ~40 s of exposure to 
energetic N+ ions, the Li0 peak is almost 
completely gone, evident by the disappearance of both the Li0 plasmon peak and the metallic Fermi 
edge. It is important to note that for the 1-keV incident kinetic energy used, the N+-ion penetration 
Fig. 4: XPS spectral data showing the 
formation of Li3N via energetic ion 
bombardment. 
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depth is expected to be quite limited, on the order of several nm at most. Peak fitting of the Li 1s 
and N 1s spectra reveals an elemental ratio at the surface close to the expected Li3N value of 3:1 
(77% Li to 23% N), confirming the presence of Li3N. XPS depth profiling (supporting information, 
Fig. SI6) showed that this ratio was observed over a 
depth of several hundred nanometers, well beyond 
the information depth of XPS. The substantial overall 
thickness of Li3N indicates that once nitrogen is 
incorporated into the Li-foil substrate, interdiffusion 
is sufficiently facile to enable continued growth of 
the Li3N layer. We determine Li3N BE values to be 
54.56±0.06eV, 395.33±0.06eV, and 1.38±0.15eV for 
the Li 1s and N 1s core levels, and the VBM, 
respectively. The N 1s – Li 1s separation is therefore 
ΔBE = 340.77±0.09eV, and the N 1s – VBM 
separation is ΔBE = 393.95±0.16eV.  
Unfortunately, not all Li-containing SEI phases 
can be grown by vapor-phase dosing of metallic Li. 
Therefore, accurate assignment of BE values for XPS 
spectra acquired from readily available reference 
materials are also needed. However, surface 
reactions of these materials with adventitious C-
containing species, O2 and H2O make accurate 
identification challenging. Analysis of commercially 
Fig. 5: XPS spectra of various Li  
compounds where Li2O was intentionally 
formed on the surface via Ar+ sputtering to 
enable an accurate BE calibration. The 
valence-band spectra have been 
smoothed to improve clarity; the 
unsmoothed spectra are also shown in 
Fig. 6. 
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available Li2O powder demonstrated that by the time of analysis nearly all Li2O in the near-surface 
region had been converted into LiOH and Li2CO3 (as shown in Fig. 6) with only ~5% Li2O 
remaining. These reactions are expected and has been documented elsewhere.49 Fig. 6 illustrates 
that Li2CO3 in particular tends to be a major component of any sample that has experienced a 
significant exposure to the ambient atmosphere. The Li2O powder sample was also insulating, and 
required charge compensation via electron flood gun (Fig. SI4). Further complicating matters is 
the fact that there is no Fermi edge in valence-band spectra from non-metallic materials, which 
limits the utility of valence-band spectra for direct BE calibrations in these types of samples. On 
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the other hand, the availability of calibrated Li 1s and O 1s BE values from Li2O grown in situ on 
Fig. 6: Comparison of XPS data sets from four phases containing both Li and O, acquired from 
as-received (AR) commercially available powders (Li2O, LiOH, Li2CO3, Li2O2). Also shown are 
spectra from Ar+-ion sputter cleaned Li2CO3, Li2O2, and from Li2O formed via in-situ oxidation of 
metallic lithium. Spectra from sputter-cleaned Li0 are provided for reference. A small Li0 feature 
is seen in the Li2O spectra from the underlying metallic Li surface.  In general, air-exposed 
powder reference samples included significant amounts of secondary phases in the near-surface 
region, i.e., within the XPS detection volume. In particular, features associated with Li2CO3 are 
seen in spectra from as-received Li2O and LiOH; and LiOH is also present at the surface of the 
Li2O powder. 
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Li0, as described above, can facilitate calibrations on other Li-containing phases. In cases where 
Li2O can be identified by XPS as a secondary phase at the surface of a commercially available 
reference material, the Li 1s and O 1s associated with the Li2O phase can provide a rigorous internal 
BE calibration for that sample.  
Fortuitously, Ar+ ion sputter-cleaning leads to formation of the highly stable phase Li2O at the 
surface of many Li-containing compounds. This phenomenon provides a convenient means for 
determining absolute BE positions for Li2O2, LiOH, and Li2CO3, and potentially other Li-containing 
phases. In the present study, the as-received powders (including Li2O2, LiOH, and Li2CO3) were 
first analyzed by XPS to determine the baseline spectra. Then the powder reference samples were 
sputter-cleaned for up to 15 s. Depending on the sample, a portion of the surface (5–70%) was 
converted to Li2O. The BE scales for core-level spectra from each sample were then adjusted so 
that the Li 1s feature in Li2O shifted to 531.2 eV. The Li2O-shifted spectra are shown in Fig. 5. For 
each of these materials curve fitting was used to verify elemental ratios. The spectra in Fig. 5 show 
that peaks associated with Li2O, and with the phases of interest (i.e., Li2O2 Li2CO3, and LiOH), are 
well separated in the O 1s spectra. After alignment the close similarities between Li2O2, Li2CO3, 
and LiOH in both the Li 1s and O 1s core levels become evident. In fact, based on these similarities 
LiOH and Li2O2 are virtually indistinguishable. For Li2CO3, both the O 1s and Li 1s are peaks are 
shifted to slightly higher BEs than the corresponding peaks in LiOH and Li2O2. In cases where BEs 
and ΔBE values are inconclusive, valence-band spectra can provide additional information to aid 
in phase assignments. As can be seen in Fig. 6, the valence-band features for each phase are 
significantly different. Furthermore, using the BE separation between a relevant core level and the 
VBM can be very helpful in situations where charging is an issue, as is generally the case for all 
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phases studied in this work. A summary of the calibrated BE reference assignments, BE 
separations, and VBM values for all phases investigated in this study are provided in Table II. XPS 
spectra for the as-received Li2O, Li2O2, LiOH, Li2CO3, and Li metal reference samples, with Li2O-
calibrated BE scales, are plotted in Fig. 6.  
 
To demonstrate how the BE assignments presented in this work compare with values in the 
literature, Fig. 7 summarizes reported values for six Li-containing phases in the same manner as 
Absolute	Binding	Energy	Positions	
Li0	 Li2O	 LiOH	 Li2O2	 Li2CO3	 Li3N	
……
…..		
…BE…	
(eV)	
3σ	
(eV)	
……
…..		
…BE…	
(eV)	
3σ	
(eV)	
……
…...	
…BE.	
(eV)	
3σ	
(eV)	
…….
…..	
…BE…	
(eV)	
3σ	
(eV)	
……
…..		
..BE..	
(eV)	
3σ	
(eV)	
……
…...	
…BE…	
(eV)	
3σ	
(eV)	
Li	1s	 54.97	 ±0.06	 Li	1s	 56.4	 ±0.06	 Li	1s	 57.40	 ±0.07	 Li	1s	 57.51	 ±0.08	 Li	1s	 58.05	 ±0.11	 Li	1s	 54.56	 ±0.06	
O	
1s*	 530.97	
±0.07	 O	1s	 531.2	 ±0.06	 O	1s	 533.77	 ±0.07	 O	1s	 534.15	 ±0.07	 O	1s	 534.67	 ±0.07	 N	1s	 395.33	 ±0.06	
		 		 		 		 C	1s	 292.89	 ±0.06	 		
VB
M	 0	
±0.13	 VB
M	 4.69	
±0.09	 VB
M	 6.01	
±0.11	 VB
M	 3.33	
±0.37	 VB
M	 5.75	
±0.59	 VB
M	 1.38	 ±0.15	
*At	least	small	amount	of	
oxygen	 is	always	present	
in	 form	of	 Li	 rich	 lithium	
oixde	
		
*Very	 close	 O	 1s	 -	 Li	 1s	
means	 that	 O	 1s-VB	
should	 be	 used	 to	 tell	
between	Li2O2	and	LiOH	
		 		 		
		 ΔBE	 3σ	(eV)	 		 ΔBE	
3σ	
(eV)	 		 ΔBE	
3σ	
(eV)	 		 ΔBE	
3σ	
(eV)	 		 ΔBE	
3σ	
(eV)	 		 ΔBE	
3σ	
(eV)	
O	 1s	
-to-	
Li	1s	
476.00	 ±0.10	
O	 1s	
-to-	
Li	1s	
474.80	 ±0.09	
O	1s	
-to-
Li	1s	
476.37	 ±0.10	
O	1s	
-to-
Li	1	
476.64	 ±0.11	
O	1s	
-to-
Li	1s	
476.62	 ±0.12	
N	 1s	
-to-	
Li	1s	
340.77	 ±0.09	
Li	1s	
-to-
VBM	
54.97	 ±0.14	
O	1s	
-to-
VBM	
526.51	 ±0.11	
O1s	
-to-
VBM	
527.76	 ±0.13	
O	 1s	
-to-	
VBM	
530.82	 ±0.38	
O	1s	
-to-
C	1s	
241.78	 ±0.09	
N	1s	
-to-
VBM	
393.95	 ±0.16	
		 		 		 		
C1s	
-to-	
Li	1s	
234.84	 ±0.12	 		
Table II: Values determined in this study for both the absolute BE and ΔBE values for various 
inorganic Li-containing phases. Li0 values were determined using sputter cleaned Li metal. Li2O 
and Li3N were samples were formed by in-situ oxidation and nitridation of Li metal foil, 
respectively.  The LiOH parameters were extracted by correlating data sets measured on LiOH 
and Li2O powders (LiOH forms adventitiously on the surface of air-exposed Li2O, as can be seen 
in Fig. 6).  BE parameters for Li2O2 and Li2CO3 were determined from sputter-cleaned Li2O2 and 
Li2CO3 powders, respectively. 
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Fig. 1. Fig. 7 then compares these literature values to absolute BE assignments (yellow/red circles) 
and ΔBE separation data (solid lines) reported in this study.  In Fig. 7 and Table II, an O 1s – Li 
1s ΔBE value is reported for Li metal, because even after extensive sputter-cleaning, a small 
amount of Li2O is always detected. The results in Fig. 7 demonstrate that, while absolute BE values 
vary widely, the ΔBE values presented in this work are consistent with many literature reports. 
The dashed lines in Fig. 7 represent ±0.3 eV from the ΔBE values measured in this study (~9σ 
based on the error analysis from our measurements, shown in Table II). 
It is worth emphasizing that, because the ΔBE values are so similar for Li2O2 and LiOH, and the 
Li/O ratio is identical, the analysis summarized in Fig. 7 is generally not sufficient to definitively 
differentiate between these phases. Therefore, it is recommended that whenever possible valence-
band spectra are also used to help identify these phases. Even so, it should be noted that co-
existence of multiple phases makes interpretation of valence-band spectra challenging. Ideally, 
Fig. 7: Plots of ΔBE values determined in this studied compared to other phases assignments in 
literature for a) Li0 b) Li2O2 c) LiOH d) Li3N e) Li2O and f) Li2CO3. 
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valence-band spectra can be acquired from well-characterized reference samples of phases 
believed to be present, and these can be used as the basis for curve-fitting unknown valence-band 
spectra.  
It should also be noted that the methodology described thus far has relied on the implicit 
assumption that phases are distributed homogeneously within the detection volume, although 
clearly this is not necessarily always the case. In situations where phases are distributed non-
uniformly, particularly in a layered structure, it might be necessary to modify sensitivity factors. 
To take a concrete example, if a thin layer of LiF were covered uniformly by a 3-nm-thick layer 
of other Li-containing phases, then we estimate that differences in electron inelastic mean free path 
(IMFP) values (nominally 𝜆"#$	&'~2 nm and 𝜆"*	&'~1.5 nm) would attenuate the F 1s signal 
significantly more than the Li 1s signal from this layer, by a factor of ~1.6.54  In a curve-fitting 
analysis, this could lead to overestimation of Li content in the LiF layer and underestimation of Li 
content in the overlayer. A consequence of this could either be incorrect phase assignments, 
indeterminate curve-fitting results, or both. Therefore, it is imperative to be aware of these 
potential effects, to use complementary information about sample structure and morphology 
whenever possible, and to adjust sensitivity factors appropriately as required. 
A related consideration is that the Li 1s sensitivity factor is the lowest of any element detectable 
by XPS. Therefore, in order to acquire Li 1s spectra that can support quantitative peak-fitting 
analysis, care must be taken to integrate long enough achieve acceptable signal-to-noise ratios. 
 To demonstrate an application of the aforementioned XPS analysis procedures in a real battery 
system, operando XPS measurements were performed on a Li2S-P2S5 (LPS) solid-electrolyte 
symmetric cell (Li / LPS / Li), using the approach described in a recent study.4   In this experiment, 
XPS measurements were performed on a sample initially comprised of an LPS pellet pressed onto 
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Li foil. Application of an in situ current bias (constant current using the conditions described in 
Ref. 51) resulted first in the formation of an SEI at the exposed LPS surface, followed by plating 
of metallic lithium on the free surface. The current bias was then reversed, causing the plated Li 
to be driven back toward the opposing electrode. The resulting SEI / LPS / Lifoil device structure 
was subjected to one additional electrochemical charge-discharge cycle. Subsequently, during the 
third charge cycle the Li / SEI interface was probed periodically by XPS. The resulting data set 
(Fig. 8a) demonstrates that Li2O, Li2S, and Li2O2 all exist in the exposed SEI at the start of the third 
charge cycle. As the charge cycle proceeds (t = 4 hr  and t = 8 hr), plating of Li0 is observed on the 
SEI surface, and the XPS spectra from the SEI phases evolve in two distinct ways. First, SEI peaks 
are progressively attenuated as Li0 plates above them. And second, the overall resistivity of the cell 
appears to increase, as evidenced by shifts in absolute BEs of all SEI phases. However, as can be 
seen in Fig. 8 and Table III, the elemental ratios and ΔBE values for each phase show minimal 
changes. 
This example serves to demonstrate that ΔBE and elemental ratios from XPS data can be used 
in a real system (a solid electrolyte in this example) to correctly identify phases (Table III), even 
when BE values shift over the course of an experiment. Moreover, this analysis also demonstrates 
that absolute BE shifts can provide valuable information about the sample being analyzed. In the 
present case, the observed BE shifts are due to the induced cell polarization in response to the 
operando current bias. We note that, as expected, the observed cell polarization disappeared when 
the operando current bias was removed. The observed increase in BEs indicate that cell 
polarization, and hence net cell resistivity, increases as galvanostatic charging proceeds. There are 
three broad possibilities for explaining the origin of the increased resistance: 1) an increase in the 
resistivity of the buried LPS / Lifoil interface; 2) an increase in the resistivity of the LPS pellet; or 3) 
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an  increase in resistivity of the exposed SEI. Further measurements, beyond the scope of the 
present study, are needed to distinguish between these possibilities. Nevertheless, a detailed 
analysis of the formation and evolution of the SEI in a similar sample during the first charge—
discharge cycle can be found in Ref. 51.    
 
Fig. 8: a) a) Spectral decomposition of Li 1s, O 1s, and S 2p for a Li/Li2S-P2S5/Li solid electrolyte 
sample at three different points (t=0, 4, 8 hrs) during the third charge-discharge cycle. The graphs 
in b)-d) show that ΔBE values are constant for each phase even though the absolute BEs shift by 
different amounts during charging.    
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Table III: Absolute BE values for the spectral decomposition shown in Fig. 8.  The ΔBE and 
elemental ratio for each phase are shown in the lower portion of the table 
		 		 Binding	Energy	(eV)	
    t = 0 hr  t = 4 hr  Tt = 8 hr  
Li 
Li0 54.68 54.60 54.28 
Li2O 56.05 55.72 55.40 
Li2S 56.58 56.38 56.08 
Li2O2 56.70 56.60 56.27 
O Li2O 
530.74 530.50 530.21 
Li2O2 533.26 533.18 532.91 
S Li2S 162.48 162.30 162.02 
  
  
ΔBE 
(eV) 
Ratio 
(Li:X) 
ΔBE 
(eV) 
Ratio 
(Li:X) ΔBE 
Ratio 
(Li:X) 
Li2O 474.7 1.8 474.8 2.2 474.8 2.2 
Li2O2 476.6 0.9 476.6 1.1 476.6 1.1 
Li2S 105.9 1.5 105.9 1.7 105.9 1.8 
 
CONCLUSIONS 
 In this work XPS was used to study eight different Li-battery relevant compounds. Analysis 
of data available in the literature revealed that a major source variability in BE assignments for 
electrically insulating phases commonly found in the battery literature is associated with charging 
due to the XPS measurement. We demonstrate that characteristic ΔBE values for each phase are 
unaffected by sample charging, and are much more reliable than absolute BEs for identifying 
phases. Therefore, we propose a methodology for XPS data analysis where characteristic ΔBE 
values are determined for relevant phases. These ΔBE values, along with appropriate elemental 
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ratios, provide constraints during subsequent curve fitting of XPS spectra from battery samples 
that inherently account for sample charging and other effects that shift BEs on electronically 
insulating battery relevant materials. In this specific study,  Li 1s and O 1s core levels we tracked 
during in-situ oxygen dosing of Li0 to form Li2O, thereby providing an absolute (uncharged) core 
level positions for Li2O.  This enabled the subsequent use of Li2O core levels as an internal 
reference for the other compounds examined in this study, enabling accurate absolute core level 
positions. This method also effectively compensates for sample-to-sample and lab-to-lab 
variations caused by charging. Combining ΔBE values with elemental ratios and valene-band 
spectra provides a means for accurately identifying phases using XPS analysis, even spectra from 
difficult to analyze battery samples, where charging is a significant issue and multiple overlapping 
peak are common. The focus of the present study has been to apply these principles to common 
Li-containing inorganic phases, many of which are believed to be components of SEIs. Further 
work will need to be completed to extend these concepts to organic-containing SEI phases. And it 
important to note that as the complexity of a sample increases, there certainly will be cases where 
XPS measurements alone cannot unambiguously characterize the near-surface phase 
compositions. In such cases, information from complementary structural, compositional, and 
chemical characterization techniques will be indispensable.   
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